Synaptic dysfunction and neuronal death are responsible for cognitive and behavioral deficits in Alzheimer's disease (AD). It is well known that such neurological abnormalities are preceded by long-term exposure of amyloid b-peptide (Ab) and/or hyperphosphorylated tau prior. In addition to the neurological deficit, astrocytes as a major glial cell type in the brain, significantly participate in the neuropathogenic mechanisms underlying synaptic modulation. Although astrocytes play a significant key role in modulating synaptic transmission, little is known on whether astrocyte dysfunction caused by such long-term Ab exposure affects synapse formation and function. Here, we show that synapse formation and synaptic transmission are attenuated in hippocampalna€ ıve neurons co-cultured with astrocytes that have previously experienced chronic Ab 1-40 exposure. In this abnormal astrocytic condition, hippocampal neurons exhibit decrements of evoked excitatory post-synaptic currents (EPSCs) and Received June 8, 2017; revised manuscript received September 27, 2017; accepted October 13, 2017.
Alzheimer's disease (AD) is a major neurological disorder that is characterized by synaptic loss, memory/learning deficits, cognitive loss, deposition of amyloid b-peptide (Ab), and/or hyperphosphorylated tau in the brain (Lee et al. 2001; Hardy and Selkoe 2002) . Growing evidence indicates that Ab is a key trigger for AD pathogenesis. Moreover, astrocytes and microglia mediate Ab clearance and Ab aggregation. At the cellular level, Ab pathology is associated with severe neurotoxicity and neuronal death in the brain of AD patients, but its effects on glial cells (astrocytes, microglia, and oligodendrocytes) have not been fully established. In the brain, astrocytes provide neurons with energy and secreted substrates, and play an active role in formation, maturation, and stabilization of functional synapses (Allen and Barres 2009; Bhat et al. 2012; Kawano et al. 2012) . Additionally, it has been reported that several neurological diseases, such as Rett syndrome or Alexander's disease, are influenced by chemical factors secreted from astrocytes (Ballas et al. 2009; Eroglu and Barres 2010) . Given that the interaction between neurons and astrocytes is tightly related to neurological disease, it is possible that astrocyte dysfunction in AD brain is primarily responsible for neurological dysfunction.
As described above, astrocyte mutations have attracted attention in mental diseases that have conventionally been thought to exhibit neuronal mutations. Likewise, astrocytic pathological changes may be associated with synaptic function in AD. This suggests that the effects of Ab impact not only neurons but also astrocytes in the brain of AD patients. However, the relationship between astrocytic dysfunction and synaptic function is not fully understood.
In this study, we performed in vitro experiments to determine whether Ab-exposed astrocytes influence synaptic transmission, even in the absence of direct neuronal effects of Ab peptide fragment 1-40 (Ab ). Accordingly, we cocultured astrocytes with na€ ıve hippocampal neurons soon after removal of Ab 1-40 from astrocyte cultures and upon neuron plating. This timing strategy allowed us to expose Ab 1-40 to only astrocytes and not neurons, which is impossible in vivo. We found attenuation of excitatory synaptic transmission via glutamate when co-cultured astrocytes were previously exposed to Ab for a prolonged time.
Furthermore, we show that this results from reduced synapse formation in autaptic neurons.
Materials and methods

Ethics statement
All procedures regarding animal care were performed in strict accordance with the rules of the Experimental Animal Care and Welfare Committee of Fukuoka University (comparable to NIH guidelines), following approval of the experimental protocol by this body (Permit Numbers: 1403729 and 1602907) . Cells for primary culture were obtained from newborn mice after decapitation, and every effort was made to minimize suffering. Experiments were performed in a blind fashion. Experimental group was announced to the investigator after finishing experiments. The study was not preregistered.
Animals
Timed-pregnant Jcl:ICR mouse (Catalogue ID: Jcl:ICR, CLEA Japan, Inc., Tokyo, Japan) was purchased at gestational day 15 from Kyudo company (Tosu, Japan). Fifteen to seventeen-week-old pregnant Jcl:ICR mice were used. The body weight of pregnant mice was not recorded. Pregnant mouse was housed individually in a plastic mouse-cage in temperature-controlled rooms (23 AE 2°C) at our animal facility with a 12-h light-dark cycle. Food (CLEA Rodent Diet, CE-2, CLEA Japan, Inc.) and water were provided ad libitum.
Mass and microisland cultures of astrocytes
Microisland cultures of cerebral cortical astrocytes were prepared as reported previously (Bekkers and Stevens 1991; Wojcik et al. 2006; Kawano et al. 2012) . Briefly, astrocytes obtained from cerebral cortices of newborn (postnatal day 0, P0) Jcl:ICR mice of both sex were plated and expanded in astrocyte plating medium composed of Dulbecco's Modified Eagle Medium with GlutaMAX TM and pyruvate (Thermo Fisher Scientific, Waltham, MA, USA), supplemented with 10% fetal bovine serum (Thermo Fisher Scientific) and 0.1% MITO+ Serum Extender (BD Biosciences, San Jose, CA, USA). Two weeks later, cultures reached confluence, microglia and other small cells were removed by intensely tapping the culture flask several times. The medium was replaced with fresh plating medium, and the antimitotic agents, 5-fluoro-2 0 -deoxyuridine (8 mM) and uridine (20 mM) were added to stop glial proliferation and maintain culture purity. Under these conditions, confluent cultures contained mostly glial fibrillary acidic protein-positive type 1 astrocytes without contamination from other cell types such as neurons or microglia ( Figure S1 ). For mass culture of astrocytes, glass coverslips (thickness no. 1; Matsunami, Osaka, Japan) were uniformly coated with a 1 : 1 mixture of rat-tail collagen and poly-D-lysine at final concentrations of 1.0 and 0.5 mg/mL, respectively. For microisland culture, glass coverslips were precoated with 0.5% liquefied agarose, and then 300-lm square islands of collagen/poly-D-lysine mixture were stamped onto them (Kawano et al. 2012) . Astrocytes that had been cultured for 2 weeks in flasks were then plated onto coverslips.
RNA extraction and RT-PCR
Total RNA was extracted from cultures using an RNeasy mini kit (QIAGEN, Hilden, Germany) according to the manufacturer's instructions. RNA (0.5 lg) from each sample was reversetranscribed using ReverTra Ace qPCR RT Master Mix with gDNA (TOYOBO, Osaka, Japan). Generated cDNA was amplified using agarose gels, stained with ethidium bromide, and then detected using FluorChem8900 (Alpha Innotech, San Leandro, CA, USA).
Autaptic neuron culture
Hippocampal neurons from newborn Jcl:ICR mice of both sex (different mice from those used to prepare astrocyte cultures) were dissociated, as described previously (Kawano et al. 2012) , and plated at a density of 1500 cells/cm 2 onto astrocyte microislands.
Before plating neurons, astrocyte plating medium was replaced with Neurobasal-A medium (Thermo Fisher Scientific) containing 2% B27 supplement (Thermo Fisher Scientific). Evaluation of synaptic parameters in autaptic neurons (Figs 2-6 and S3-5) was performed after the neurons had been cultured for 13-16 days. (Katsurabayashi et al. 2016) .
Electrophysiology in autaptic neuronal cultures
All electrophysiological experiments were performed using autaptic neuronal cultures. Synaptic responses were recorded using a patch clamp amplifier (MultiClamp 700B; Molecular Devices, Sunnyvale, CA, USA) in the whole-cell configuration under the voltage-clamp mode, at a holding potential (Vh) of À70 mV unless otherwise specified, and at room temperature (23 AE 2°C). Patch-pipette resistance was 4-5 MΩ, with 70-90% of access resistance compensated. There was no significant difference in access resistance between the control group (10.92 AE 4.1 MΩ, n = 95) and Ab group (11.92 AE 5.3 MΩ, n = 90). Autaptic neurons showed synaptic transmission in response to an action potential elicited by a brief (2 ms) somatic depolarization pulse (to +0 mV) from the patch pipette. Synaptic responses were recorded at a sampling rate of 20 kHz, and filtered at 10 kHz. Data were excluded from analysis if leak currents > 300 pA were observed. Data were analyzed off-line using Axograph 9 1.2 software (AxoGraph Scientific, Sydney, Australia). Miniature excitatory post-synaptic currents (mEPSCs) were detected with an amplitude threshold of 5 pA. For mEPSC analysis, events were detected automatically, and then manually inspected to exclude falsepositive events. All traces were visually examined to protect against software errors. The size of readily releasable synaptic vesicle pools (RRP) (i.e., total size of synaptic vesicles in RRP) was measured as the transient component of the electrical charge of an excitatory post-synaptic current (EPSC) elicited by 8-s application of 0.5 M sucrose. A residual steady-state current continues until the end of sucrose application, and was subtracted to measure RRP size because this steady-state current is responsible for the release of newly refilled vesicles to the RRP (Pyott and Rosenmund 2002) . Consequently, the number of synaptic vesicles in RRP was estimated by dividing RRP charge by averaged mEPSC charge. Vesicular release probability (P vr ) was defined as the release probability of individual synaptic vesicles in response to an action potential, and was calculated by dividing EPSC charge by sucrose-induced transient EPSC, that is, P vr = charge of action potential-induced EPSC/charge of RRP. Likewise, quantal content of evoked EPSCs was estimated by dividing EPSC charge by averaged mEPSC charge.
Immunocytochemistry
After chemical fixation and blocking (Kawano et al. 2012) , autaptic hippocampal neurons were incubated overnight at 4°C with the following primary antibodies: anti-microtubule-associated protein 2 (MAP2) (guinea-pig polyclonal, antiserum, 1 : 1000 dilution; Synaptic Systems, G€ ottingen, Germany; RRID: AB_2661868) or anti-vesicular glutamate transporter 1 (VGLUT1) (rabbit polyclonal, affinity purified, 1 : 2000 dilution; Synaptic Systems; RRID: AB_887875). Autaptic neurons were then incubated with appropriate species-specific fluorochrome-conjugated goat secondary antibodies (Alexa Fluor 488 for MAP2, and Alexa Fluor 594 for VGLUT1, 1 : 400 dilutions; Thermo Fisher Scientific) for 1 h at room temperature (23 AE 2°C). Double immunocytochemical staining was performed using a combination of MAP2 and VGLUT1. Astrocyte nuclei were visualized by counter-staining with 4 0 ,6-diamidino-2-phenylindole contained in mounting medium (ProLongH Gold antifade mounting reagent; Thermo Fisher Scientific).
Image acquisition and quantification
Confocal images of autaptic neurons were obtained using an 409 objective lens (C-Apochromat, NA 1.2; Carl Zeiss, Oberkochen, Germany) on a confocal microscope (LMS710; Carl Zeiss) using the protocol previously described in Kawano et al. (2012) . For double imaging of synaptic puncta, fluorescent images were sequentially acquired from channels visualizing VGLUT1 (red emission) and the second marker (green emission). The original image was subtracted from an image filtered with a Gaussian blur of the duplicated original image using ImageJ software (1.46j; Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, MD, USA, https://imagej.nih.gov/ij/, 1997-2016) (for details, see Iwabuchi et al. 2014) . Subtracted images were binarized using a specified threshold, namely, the top 0.01% of cumulative intensity of the background area for the VGLUT1 image. Number and size of all fluorescence puncta per astrocyte island were automatically detected using a size threshold ≥ 5 pixels. Branching dendrite patterns were quantified using the Sholl analysis Plug-in (v1.0; The Ghosh lab) for ImageJ. Briefly, concentric circles were drawn in 10-lm-radius steps with the center placed on the soma. Next, the number of crossing dendrites was counted as a dendrite that crossed any of the concentric circles (Sholl 1953; Kawano et al. 2012) .
Solutions
The standard extracellular solution for patch clamp experiments was (in mM): NaCl 140, KCl 2.4, HEPES 10, glucose 10, CaCl 2 2, MgCl 2 1, pH 7.4, with an adjusted osmotic pressure of 315-320 mOsm. Patch pipettes were filled with an intracellular solution composed of (in mM): K-gluconate 146.3, MgCl 2 0.6, ATP-Na 2 4, GTP-Na 2 0.3, creatine phosphokinase 50 U/mL, phosphocreatine 12, EGTA 1, HEPES 17.8, pH 7.4. 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and/or 2-amino-5-phosphonopentanoate (AP5) was added to the standard extracellular solution to confirm that synaptic response was mediated by the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-or N-methyl-D-aspartate (NMDA)-subtype of ionotropic glutamate receptors, respectively. When recording mEPSCs, tetrodotoxin (TTX) (Wako Pure Chemicals Ltd., Osaka, Japan) was added to the standard extracellular solution. Hypertonic solutions for determining RRP size were prepared by adding 0.5 M sucrose to the standard extracellular solution. All chemicals were purchased from Sigma-Aldrich, except where otherwise specified.
Statistical analysis
The number 'n' was defined by different autaptic neuron analyzed, and the number 'N' indicates the number of independent cultures. Sample sizes were determined by reference to previous studies (Wojcik et al. 2006; Kawano et al. 2012; Katsurabayashi et al. 2016) . Based on those studies, power analysis was not applied. Data are expressed as mean AE SEM. Statistical data were calculated from the averaged data obtained from each cultures. Statistical analysis was performed using Kaleida Graph 3.6 (Synergy Software, Reading, PA, USA). Differences in experimental data were evaluated with Student's t-test for comparison of two groups. Differences were considered significant when p < 0.05 versus control case, that is, neurons co-cultured with control astrocytes that had been cultured for the same length of time.
Results
Synaptic transmission is attenuated by astrocytes previously exposed to Ab 1-40 First, we exposed mass-cultured cortical astrocytes (which were obtained from newborn mice and cultured for 2 weeks) to Ab Fig. 1 , N = 10, respectively). It is well known that Ab 1-40 has a strong cytotoxic effect, but in this case, astrocyte cell death did not occur at all.
To evaluate modulation of synaptic transmission by Abexposed astrocytes, we took advantage of an autaptic neuron culture preparation (Bekkers and Stevens 1991, 1995; Kawano et al. 2012; Herman et al. 2014) . Hippocampal neurons obtained from newborn mice were plated onto microisland astrocytes that had been exposed to Ab 1-40 for 72 h. Synaptic features in co-cultures of Ab-exposed astrocytes were compared to sister cultures containing control astrocytes.
As a total synaptic event involving both pre-and postsynaptic components, we examined EPSCs evoked by action potentials (Fig. 2a) . The recorded EPSC was blocked by CNQX (10 lM), a competitive antagonist of AMPA-subtype of ionotropic glutamate receptors, but not by AP5 (30 lM), a competitive antagonist of the NMDA-subtype of ionotropic glutamate receptors (control, 10.92 AE 1.76 nA; AP5, 9.29 AE 1.68 nA, p = 0.70 vs. control; CNQX, 0.57 AE 0.14 nA, p < 0.001 vs. control; Figure S3 ). Co-culture with peptide and reversed Ab 1-40 sequence (Ab 40-1 ) did not affect evoked synaptic transmission (control, 13.71 AE 4.13 nA; Ab 40-1 , 12.65 AE 6.50 nA, p = 0.6855; Figure S4 ). However, co-culture with Ab 1-40 -exposed astrocytes markedly decreased the evoked EPSC amplitudes compared with controls (Fig. 2a) . This suppressive effect of Ab 1-40 -exposed astrocytes on glutamatergic autaptic transmission was statistically significant (control, 9.81 AE 0.17 nA; Ab, 7.31 AE 0.43 nA, p = 0.00012; Fig. 2b) . Therefore, decreased amplitude of evoked EPSCs may result from either reduced synaptic transmission in response to an action potential, or failure to generate an action potential that invades all nerve terminals. To exclude the latter possibility, we used a conventional technique that analyzes the amplitude of voltage-dependent Na + and K + current components, which underlie action potentials evoked by electrical stimulation (Gekel and Neher 2008 Figure S5e ) changed in the presence of Ab-exposed astrocytes. These findings indicate that decreased evoked EPSCs in Ab-exposed astrocyte cultures are not because of failure to generate or conduct an action potential, but rather reduction in synaptic transmission after an action potential reaches the nerve terminal. To determine whether decreased amplitude of evoked EPSCs results from a pre-synaptic or post-synaptic mechanism, we next recorded mEPSCs in the presence of tetrodotoxin (TTX) (0.5 lM) and absence of stimulation ( Fig. 2c ) (Katz and Miledi 1979; Bekkers and Stevens 1991) . Like evoked EPSCs, mEPSCs were also blocked by CNQX application (data not shown), suggesting that these events are also mediated by glutamate-triggered AMPA receptor activation. Frequency of mEPSCs was reduced in co-cultures of Abexposed astrocytes (control, 4.96 AE 0.28 Hz; Ab, 3.96 AE 0.03 Hz, p = 0.034; Fig. 2d ). This indicates that decreased amplitude of evoked EPSCs in Ab-exposed astrocyte cultures is because of a pre-synaptic origin site. In contrast, amplitude of mEPSCs was unchanged between control and Ab-treated groups (control, 21.69 AE 0.67 pA; Ab, 20.98 AE 0.63 pA, p = 0.441; Fig. 2e ), suggesting there is no change in post-synaptic AMPA receptors. Moreover, quantal content of EPSCs (evoked EPSC charge/average mEPSC charge) was decreased in co-cultures of Ab-exposed astrocytes (control, 881.84 AE 69.54 vesicles; Ab, 688.66 AE 53.58 vesicles, p = 0.029; Fig. 2f ).
Ab-exposed astrocytes inhibit formation of glutamatergic synapses
There are a number of explanations for reduced glutamate release in the presence of Ab-exposed astrocytes: (i) a decrease in RRP size (i.e., number of synaptic vesicles released from RRP); (ii) a decrease in synapse number in autaptic neurons; and (iii) a decrease in P vr (i.e., probability of synaptic vesicles released from RRP in response to action potentials).
First, RRP size was estimated using hypertonic sucrose solution, which forces all RRP vesicles to release glutamate (Fig. 3a) . Total electrical charge of the sucrose response was calculated to quantify RRP. The mechanism of glutamate release by hypertonic sucrose is not fully known, but the parameter has been shown to be useful in investigating synaptic transmission independent of sensitivity to Ca 2+ in autaptic neurons (Rosenmund and Stevens 1996) . RRP size was significantly decreased in autaptic neurons co-cultured with Ab-exposed astrocytes compared with controls (control, 2.02 AE 0.132 nC; Ab, 1.21 AE 0.11 nC, p = 0.000074; Fig. 3b ). We further estimated the number of synaptic vesicles in RRP by dividing RRP charge by averaged mEPSC charge. Again, the number was significantly decreased in autaptic neurons co-cultured with Ab-exposed astrocytes compared with controls (control, 21 277 AE 1653 vesicles; Ab, 13 911 AE 1105 vesicles, p = 0.00027; Fig. 3c ). It is possible that reduced RRP size is because of a decrease in number of synapses formed on neurons. Therefore, the number of glutamatergic synapses in autaptic neuron was quantified by immunochemistry (Fig. 4a) . The glutamatergic nerve terminals were stained with VGLUT1, because most excitatory synapses in autaptic hippocampal neurons express VGLUT1, and consequently, the number of VGLUT1-staining puncta corresponds approximately to the number of excitatory synapses (Wojcik et al. 2004; Takamori 2006) . The number of puncta labeled for VGLUT1 significantly decreased in autaptic neurons co-cultured with Ab-exposed astrocytes compared with control astrocytes (control, 448.02 AE 36.02; Ab, 336.39 AE 28.46, p = 0.017; Fig. 4b ). However, there was no change in synaptic puncta size (Fig. 4c) , but we did observe a change in dendritic morphology in neurons co-cultured with Ab 1-40 -exposed astrocytes. To investigate dendritic morphology in detail, Sholl analysis was performed (Sholl 1953 ; Kawano et al. 
2012
). Consequently, a slight decrease in dendritic branching was found in neurons co-cultured with Ab 1-40 -exposed astrocytes (Fig. 4d) . Although dendritic branching was not significantly decreased, the sum length of dendrites was significantly shorter (Fig. 4e) . Since the number of synapses decreased in parallel with shorter dendrites (Fig. 4b) , synapse density normalized to dendrite length was unchanged in neurons co-cultured with Ab 1-40 -exposed astrocytes (Fig. 4f) .
Next, we examined another possibility for reduced RRP, namely, whether reduced RRP size is because of decreased refilling rate of RRP from reserved vesicles in synaptic terminals. General vesicle refilling dynamics was estimated by paired application of sucrose at different intervals (e.g., 0, 1, 2, 4, 8, 16, 30, and 60 s) (Rhee et al. 2002) . The recovery ratio of RRP by the second application of sucrose solution was measured as the refilling dynamic of RRP, which extrapolates as the rate of vesicle priming. We found that the ratio of second to first sucrose responses at different intervals was identical between both groups (Fig. 5) , indicating constant priming kinetics from the reserve pool (undocked vesicles) to RRP (docked vesicles). These findings suggest that reduced RRP size in autaptic neurons co-cultured with Ab-exposed astrocytes results from decreased synapse formation and not attenuation of RRP refilling.
Individual synaptic function is enhanced by Ab-exposed astrocytes Reduced RRP size may be attributable to a decline in ability to release glutamate from pre-synaptic terminals. Indeed, it is well known that astrocytes modulate the probability of neurotransmitter release and synaptic plasticity (Wojcik et al. 2006; Perea and Araque 2007; Pannasch et al. 2011) . To estimate the ability of action potentials to release glutamate, we calculated P vr in autaptic culture neurons. Because evoked neurotransmitter release originates from a portion of RRP (Pyott and Rosenmund 2002; Xu-Friedman and Regehr 2004) , P vr was simply calculated by dividing the electrical charge of an EPSC evoked by an action potential by total RRP charge. Surprisingly, P vr was higher in autaptic neuron co-cultured with Ab-exposed astrocytes than control astrocytes (control, 4.91 AE 0.28%; Ab, 6.14 AE 0.40%, p = 0.012; Fig. 6a) .
To confirm the increase in P vr , the paired-pulse ratio (PPR) of evoked EPSCs was measured to estimate release probability of synaptic terminals. PPR was defined as the ratio of the second to first EPSC amplitude, with double EPSCs evoked by action potentials at short intervals (e.g., 50 ms interval). The second EPSC amplitude was larger than the first EPSC (Fig. 6b) , indicating that a large amount of restored Ca 2+ flowed into synaptic terminals following the first action potential and was added to the next Ca 2+ influx by the second action potential. As a result, PPR showed a slightly lower value in autaptic neurons co-cultured with Abexposed astrocytes compared with control astrocytes (control, 1.11 AE 0.02; Ab, 1.04 AE 0.02, p = 0.025; Fig. 6c ). Decreased PPR means an increase in release probability at synaptic terminals (Dobrunz and Stevens 1997; Maki et al. 2013) , and indeed supports the increase in P vr of autaptic neurons co-cultured with Ab-exposed astrocytes (Fig. 5a ).
Discussion
A neural network is formed by not only interactions of neurons but also that of neurons and glial cells, namely, astrocytes, microglia, and oligodendrocytes (Burne et al. 1996; Fields and Stevens-Graham 2002; Allen and Barres 2009 ). Astrocytes are the major glial cell type of the brain, and play fundamental roles in formation, maturation, and elimination of synapses, and modulation of synaptic transmission (Pfrieger and Barres 1997; Ullian et al. 2001; Hama Alzheimer's disease is the most common cause of dementia in the elderly. There are two neuropathological hallmarks of AD: extracellular Ab aggregation and intraneuronal neurofibrillary tangles, which are mainly composed of hyperphosphorylated tau. Although the exact pathogenic mechanism of AD is still unclear, several past reports support that abnormal Ab aggregation in the brain is an early symptom that triggers pathogenic cascades. In this study, we investigated the relationship between the effect of Ab on astrocytes and neurotransmission when co-cultured with autapic neurons. According to the 'glutamate hypothesis' of AD, expression of N-methyl-D-aspartate (NMDA) receptors, one of the glutamate receptors related to learning and memory, is decreased in AD brains. However, our data suggests that NMDA receptor expression is unchanged in autaptic neurons co-cultured with Ab-exposed astrocytes (data not shown). Despite this, we found that Ab-exposed astrocytes are accompanied by reduced amplitudes of AMPA-mediated evoked EPSCs (Fig. 2b) , size of RRP (Fig. 3b and c) , and frequency of mEPSCs (Fig. 2d) . Surprisingly, our data shows that autaptic neurons co-cultured with Ab-exposed astrocytes show higher release probability than when co-cultured with control astrocytes. Thus, we consider the following two possibilities for increased vesicular release probability: (i) immature neurons have a small number of synapses with higher release probability (Bolshakov and Siegelbaum 1995; Chavis and Westbrook 2001) ; or (ii) release probability increases with endogenous Ab (Abramov et al. 2009 ).
Our results are in good agreement with (i) above. Therefore, Ab-exposed astrocyte cultures may enable slower synaptic development in neurons. Thus, we conclude that astrocytes exposed to Ab 1-40 enhance vesicular release probability because of an immature condition at the individual synapse level (Fig. 6 ), but greatly attenuate excitatory synapse formation in autaptic neurons (Fig. 4) , consequently leading to a reduced total amount of synaptic transmission (Fig. 2) .
The effect of Ab on astrocytes and decreased synaptogenesis Astrocytes play a key role in neurogenesis, neuronal maturity, and differentiation. Previous studies have reported that neurons co-cultured with astrocytes show promoted maturity and neurogenesis compared with monoculture neurons. Glial cell line-derived neurotrophic factor (GDNF), ATP, and thrombospondins are liquid factors secreted by astrocytes, which modulate neuronal synaptogenesis (Christopherson et al. 2005) . Production of GDNF in astrocytes modulates synapse formation (Duarte et al. 2012; Kitiyanant et al. 2012) . Considering that GDNF is decreased by Ab (Tseng et al. 2012) , decreased GDNF may also be related to attenuation of synapse formation and synaptic transmission in co-cultured Ab-exposed astrocytes. In addition, Ab affects ATP production. The brain is one of the most energy-demanding organs in the body, and especially, neuronal synaptic transmission is known to be an energy-consuming process. Astrocytes play an important role in the lactate-Krebs cycle, whereby ATP production in mitochondria uses pyruvate produced from lactate of astrocyte origin after cell-to-cell transfer (Pellerin et al. 2007; B elanger et al. 2011) . In the case of AD, mitochondria suffer from oxidative stress and then impaired ATP production (Lin et al. 2007; Thomas et al. 2015) . In this study, there is the possibility that astrocytes exposed to Ab 1-40 produce less ATP, which may lower excitatory synaptic transmission on co-cultured neurons. Furthermore, release of thrombospondin 1 (TSP-1), one of the humoral factor supplied by astrocytes to neurons, is also prevented by Ab (Hennekinne et al. 2013) . TSP-1 is an astrocyte-secreted protein, and a modulator of synaptogenesis and neurogenesis. In AD brain, TSP-1 expression levels are low, while in Ab-treated astrocytes, secreted TSP-1 is decreased. These findings suggest that Ab might prevent humoral factor release from astrocytes and lower synaptogenesis.
Astrocytes as a target of AD therapy
We previously reported that na€ ıve excitatory synaptic transmission is suppressed in hippocampal autaptic neurons by co-culturing with aged astrocytes (Kawano et al. 2012) or recorded from autaptic neurons co-cultured with control and Abexposed astrocytes (0 s, n = 15 and 15; 1 s, n = 17 and 18; 2 s, n = 14 and 18; 4 s, n = 18 and 18; 8 s, n = 12 and n = 15; 16 s, n = 9 and n = 10; 30 s, n = 9 and 8; 60 s, n = 22 and 22, autaptic neurons, respectively/N = 3 cultures, respectively). transgenic astrocytes over-expressing Swedish mutant amyloid precursor protein (Katsurabayashi et al. 2016) . Together, these reports suggest that neurons co-cultured with fragile astrocytes fail to mature completely. In this study, we exposed astrocytes to Ab 1-40 for 72 h, after which they exhibited cytotoxicity and fragility by various reactions, for example, oxidative stress, free radical reaction, and inflammatory reaction. Hence, astrocytic damage caused by Ab 1-40 lowered synaptic transmission in co-cultured neurons. Here, we speculate that astrocytic pathological changes induced by long-term Ab treatment may adversely affect neurotransmission in AD brain. Furthermore, this pathway may be effective as a novel therapeutic target of AD. Considering that reports show that the cognitive decline in AD by brain deposition of Ab 1-40 is rescued by removing deposited Ab (senile plaques) using vaccine therapy (Morgan et al. 2000; Qu et al. 2007; Yu et al. 2014) , it might be possible that vaccine therapy could also rescue astrocytic damage.
It is well known that Ab elicits synaptic depression as a direct effect on neurons (Cullen et al. 1996; Dolev et al. 2013) . In parallel with such neuronal effects, we provide another effect mediated by astrocytic aging by Ab 1-40 . This study suggests the possibility that treatments focused on astrocytic pathophysiological change are promising as a novel target for treating AD. All experiments were conducted in compliance with the ARRIVE guidelines.
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